The biosynthesis of the 0 antigen of Citrobacter 139 (Escherichia coli 3 Zurich 4,5,12:z2o) was shown to proceed through a series of lipid-linked intermediates, similar to those involved in 0-antigen synthesis in Salmonella. Galactose was the first sugar incorporated, followed by rhamnose and mannose. Abequose was incorporated from cytidine diphosphate (CDP)-abequose only when all three of the other nucleotide sugars (uridine diphosphate galactose, guanosine diphosphate mannose, and thymidine diphosphate rhamnose) were present. Rhamnosyl-galactosyl 1-phosphate and mannosyl-rhamnosyl-galactosyl 1-phosphate were identified as the products of mild alkaline hydrolysis of the lipid-linked intermediates.
The incorporation of galactose, mannose, and rhamnose into 0-antigen repeating units has been reported for a guanosine diphosphate (GDP)-mannose-deficient mutant of Salmonella typhimurium by Zeleznick et al. (12) , for a thymidine diphosphate (TDP)-rhamnose-deficient mutant of S. typhimurium by Nikaido (5) , and for wild-type S. anatum by Robbins (7) . Weiner and co-workers (8, 9) and Wright et al. (11) have obtained evidence for a series of lipid-linked oligosaccharide intermediates in the formation of the 0-antigen repeating units in both S. typhimurium and S. newington. Anderson et al. (1, 2) chemotype XIV, which contains the following sugar components: glucosamine, heptose, 3-deoxyoctulosonate, galactose, glucose, mannose, rhamnose, and abequose (4). It may be assumed that the 0 antigen from Citrobacter 139 has the same chemotype and probably a very similar structure.
The experiments described here were carried out with wild-type Citrobacter 139; lipid-linked intermediates have been identified and implicated in the biosynthesis of the 0 antigen in this organism.
EXPERJMENTAL
Enzymatic incorporation of 0-antigenic side chain sugars into the cell envelope fraction. Mannose, rhamnose, and galactose were incorporated into the cell envelope fraction when all three nucleotide sugars were present (Table 1) . Optimal incorporation of mannose required the presence of all three nucleotide sugars, whereas that of rhamnose required only the presence of uridine diphosphate (UDP)-galactose. However, galactose incorporation which was significant in the absence of the other nucleotide sugars did not increase when these sugars were added, and in some cases decreased slightly. In this respect, it differed from the galactose incorporation reported by Weiner et al. (9) for a galactosenegative strain of S. typhimurium deficient in UDP-galactose-4-epimerase.
The presence of cytidine diphosphate (CDP)-abequose had little effect on the incorporation of galactose or rhamnose (Table 2) . On the other hand, the incorporation of abequose was stimulated by the presence of UDP-galactose, TDPrhamnose, and GDP-mannose. volumes of cold 0.1 M acetic acid and were analyzed as described in Table 1 .
Relationship of the product to 0-antigen. Three identical large-scale reaction mixtures were prepared, each containing one '4C-labeled nucleotide sugar in the presence of the other two '2C-nucleotide sugars, according to the procedure of Zeleznick et al. (12) . Since the 0 antigen should contain repeating trisaccharide units composed of galactose, mannose, and rhamnose, partial hydrolysis of the enzymatically synthesized product should lead to the formation of oligosaccharides composed of these sugars. Partial hydrolysis was carried out with 60% formic acid, followed by reduction of the oligosaccharide mixtures with sodium borohydride. The products of hydrolysis were characterized by paper chromatography in ethyl acetate-acetic acid-water. Two labeled oligosaccharides were isolated; a disaccharide containing mannose and rhamnitol, and a trisaccharide containing galactose, mannose, and rhamnitol. These experiments showed that the cell envelope fraction is capable of synthesizing a polysaccharide containing galactose, mannose, and rhamnose. Isolation of a trisaccharide containing the presumed structure a-galactosylmannosyl-rhamnose provided evidence that these reactions are involved in the biosynthetic pathway for the production of the 0-antigen side chains. These results are similar to those reported by Zeleznick et al. (12) with a mutant of S. typhimurium which was deficient in the synthesis of GDP-mannose. On the basis of their results and because the Citrobacter antigen is known to crossreact with antibody to type B lipopolysaccharide, it may be concluded that the product obtained in the present work also contained the linear galactosyl-mannosyl-rhamnose sequence.
Nature of the reaction product formed with all three nucleotide sugars. Mild acid hydrolysis with acetic acid was used to separate the polysaccharide portion from the lipid moiety. Gel ifitration of the water-soluble polysaccharide product indicated that it was macromolecular (Fig. 1) . The three polysaccharide products were then subjected to high voltage electrophoresis at pH 3.5; three similar electropherograms, two of which are illustrated in Fig. 2 (Table 3) were washed free of the nucleotide sugar substrates by centrifugation, and the cell envelope fractions containing the primary reaction products were incubated at 10 C with unlabeled GDP-mannose (tubes 1 and 2) and GDP-mannose-'4C (tube 3). Mannose was incorporated rapidly (incubation II, Table 3 The precipitate was collected and washed twice with cold water. The pellets were extracted with 45% phenol at 68 C, followed by ethyl alcohol (5 volumes) precipitation of the aqueous phase. The precipitates (8,000 counts/min of each) were then suspended in 0.5 ml of0.5 N acetic acid and were heated in a boiling water bath for I hr. The acetic acid was removed by repeated evaporation, and the dry residues were extracted three times with water. The watersoluble-labeled polysaccharides were then chromatographed on Sephadex G-50 (coarse). The column (I by 50 cm) contained 17 ml of Sephadex G-50 which had been equilibrated with 0.1 N acetic acid. Samples of 2,000 counts/min each were dissolved in 0.3 ml of0.1 N acetic acid and were applied to the column. They were eluted with 0.1 N acetic acid at aflow rate of 24 ml/hr. Vi and Vo indicate the positions ofincluded and excluded markers, respectively. mately 56% of the radioactivity incorporated was present in a product soluble in chloroformmethanol. The ratio of galactose-rhamnosemannose in the CHCl3-methanol fraction was 1:1.2:1.1.
When the temperature of the reaction mixtures was increased to 37 C (incubation III, Table 3 ), there was no decrease in the solubility of the products in chloroform-methanol. Analysis of the products demonstrated the presence of large amounts of disaccharide-and trisaccharide-lipid intermediates. Thus, the polymerization reaction in Citrobacter 139 appears to be much slower than in the galactose-negative mutant of S. typhimurium (9) . Moreover, in both this and other experiments, there was a lack of stoichiometry in the ratios of the sugars incorporated into the lipid-soluble fraction, the reasons for which remain unknown. In these experiments, substantial losses of radioactivity were observed; these losses may be due to the instability of the sugar-phospholipid linkage.
Characterization of the oligosaccharide components of the chloroform-methanol-soluble intermediates. (i) Disaccharide phosphate. Portions of the products resulting from incubation I, containing either galactose-'4C or rhamnose-14C, were hydrolyzed with mild alkali. High voltage electrophoresis of the hydrolysates yielded a single anionic peak which was identical in the experiments with both labeled sugars. The mobility relative to that of glucose-6-phosphate of the labeled product was 0.76 (Fig. 3) . When treated with alkaline phosphatase followed by electrophoresis, the radioactivity in both samples remained at the origin (Fig. 4) . The dephosphorylated product was oxidized with hypoiodite and hydrolyzed; galactonate-14C and rhamnose-14C were the only radioactive products obtained.
(ii) Trisaccharide-phosphate. The chloroformmethanol extracts from incubation II were evaporated to dryness and hydrolyzed with 0.05 N KOH; the hydrolysates were subjected to electrophoresis at pH 3.7. The resulting electropherograms (Fig. 5) show the bulk of the radioactivity migrating as a peak with a mobility relative to that of glucose-6-phosphate of 0.56 to 0.62; the peak was identified as mannosyl-rhamnosylgalactosyl-l-phosphate. Treatment with alkaline phosphatase resulted in the loss of electrophoretic mobility. Approximately 50% of the galactose-14C was recovered as galactonate after oxidation of the dephosphorylated trisaccharide, followed by hydrolysis. The sequence was determined by partial acid hydrolysis followed by reduction with VOL. 95, 1968 a The pellets were collected by centrifugation and washed twice with 0.1 M acetic acid. They were suspended in water, and the pH was adjusted to 7.0 with 2 M Tris base; a small sample was removed for counting, and the remainder was extracted three times with 8 volumes of chloroform-methanol (3:1). The combined organic phases were filtered, and samples were dried and counted. The specific activities were: UDP-galactose, 3,320 counts/min per m,umole; TDP-rhamnose, 3,540 counts/min per m,umole; GDP-mannose, 2,310 counts/min per m,umole.
bEach tube contained 0.1 M Tris-chloride buffer (pH 8.4), 0.01 M MgC92, 0.001 M EDTA, 18.0 mg of cell envelope protein, 0.14 mm UDP-galactose, and 0.12 mm TDP-rhamnose in a total volume of 5 ml. After incubation at 37 C for 20 min, the reaction mixtures were diluted with 12.5 ml of cold 0.05 M Trischloride buffer (pH 9.0), and the particulate fraction was collected by centrifugation and washed once with the same buffer. The pellets were suspended in 5.0 ml of the Tris-MgCI2-EDTA mixture and were brought to 10 C. A sample (0.5 ml) was taken into 3.0 ml of cold 0.1 M acetic acid for subsequent washing and analysis.
¢ A sample of each residue (4.5 ml) was added to tubes containing GDP-mannose or GDP-mannose-14C to give a final concentration of 0.11 mm. After 5 min at 10 C, 3.5-mI samples were removed for analysis, as described in footnote a.
d The reaction mixtures were placed in a 37 C bath for 10 min. The reaction was stopped by the addition of 6 volumes of cold 0.1 M acetic acid. (Table 3) , evaporating it to dryness, suspending it in 1.0 ml of 0.05 N KOH, and hydrolyzing it in a boiling-water bath for 15 min. The hydrolysates were passed through columns ofDowex-50 (H+) having a bed volume of 1.5 ml, spotted on Whatman no. I paper, and electrophoresed at pH 3.7, 80 v/cm for I hr. lipid intermediate with the structure abe-manrha-gal-1-P-"lipid" is formed in this organism, similar to that reported by Weiner for the S. typhimurium mutant (8) . Polymerization in the Citrobacter system frequently occurs in the absence of CDP-abequose, and at other times it does not occur at all. This is reminiscent of the results obtained with cell envelope preparations of S. typhimurium; polymerization was also independent of the presence of CDP-abequose. However, there is no evidence for in vivo polymerization at the trisaccharide level with either organism.
The product formed in the complete system with all three nucleotide sugars was isolated by phenol extraction, and, although a certain amount of the radioactivity migrated as an anionically charged polysaccharide in high voltage electrophoresis, the bulk of it remained at the origin. This suggested that most of the material is present as lipopolysaccharide. When the lipopolysaccharide was hydrolyzed with mild acid, a trisaccharide unit with the structure a-galactosylmannosyl-rhamnose was formed, and it may therefore be concluded that this repeating unit is present in the 0 antigen. This conclusion is also supported by the fact that the 0 antigen from Citrobacter 139 cross-reacts with that of type B Salmonella.
The existence of disaccharide-lipid and trisaccharide-lipid intermediates was shown by sequential addition experiments of the type conducted by Weiner et al. (9) .
From these studies, it is apparent that the Citrobacter system for the biosynthesis of lipopolysaccharide is similar to the biosynthetic system of S. typhimurium. However, there are significant differences, such as the nature of the product resulting from the complete system lacking CDP-abequose, and the differences in the stoichiometry of the sugars incorporated.
